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Abstract 
RE1Ba2Cu3O7-δ(RE: Rare Earth, Y Gd and so on, REBCO) superconducting tapes have great performance in critical 
current density, Jc, property even at liquid nitrogen temperature. However, it is necessary to enhance a current 
capacity for practical use. We proposed the configuration of parallel conductors and adopted it to several pieces of 
test transformers, e.g. a 66kV-2MVA one for a power grid, 25kV-4MVA one for a Shinkansen rolling stock, and so 
on. The constituent strands of parallel conductors need to be insulated and transposed for the sake of uniform current 
distribution and low ac loss. In case the transposition points deviate from the optimum ones, shielding current is 
induced according to the interlinkage magnetic flux of the twisted loop enclosed by the insulated strands and the 
contact resistances at the terminals. It produces an additional ac loss. Up to now, we have studied in the simple 
situation where parallel conductors are exposed to a uniform ac magnetic field. In this study, we studied the 
additional ac losses in the case that two-strand parallel conductors are located in non-uniform magnetic field. We 
derived theoretical expressions of the additional ac losses and discussed the dependences of them on the 
non-uniformity in magnetic field, the deviation length of the transposition point from the optimum one, and so on.  
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1. Introduction 
Parallel conductors are used for the cooper windings in conventional electrical power machines and 
devices. However, it is difficult to construct parallel conductors with low-Tc superconducting strands. It is 
because, in parallel conductors, the constituent strands need to be insulted and then, the stabilization due 
to current sharing between strands is not applicable to low-Tc superconducting parallel conductors. On the 
other hand, in the case of oxide superconducting wires operating at a temperature higher than about 20 K, 
their stability is several hundred times higher than that of low-Tc ones operating at 4.2 K due to much 
higher specific heat. Therefore, we expect no quench of oxide superconducting strands and the 
applicability of parallel conductors composed of oxide superconducting wires to practical use. As shown 
in Fig.1, the constituent strands of parallel conductors also need to be transposed for the sake of uniform 
current distribution and low ac loss. Parallel conductors are exposed to external transverse magnetic field. 
Up to now, we have studied in the simple situation where parallel conductors are exposed to a uniform ac 
magnetic field. However, as shown in Fig.2, in the practical situation where a parallel conductor is wound 
into a coil, the magnetic field applied to parallel conductors usually varies spatially. Then, in this paper, 
we studied the additional ac losses in the case that a two-strand parallel conductor is located in 
non-uniform magnetic field. 
2. Theory 
Let us consider the situation where a two-strand superconducting parallel conductor is exposed to an 
external transverse magnetic field. In case the transposition points deviate from the optimum ones, 
shielding current is induced according to the interlinkage magnetic flux of the twisted loop enclosed by 
the insulated strands and the contact resistances at the terminal. As shown in Fig.4, it produces an 
additional ac loss. 
2.1. Non-saturation case 
Firstly, we consider the situation that the shielding current does not reach the critical current of strand. A 
strand has the dimensions of w in width and u in thickness. Self-magnetic field (BI) due to induced 
shielding current, I, is given by  
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Here, 
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P is the permeability of vacuum and 'k  is constant which depend on the arrangement of the 
strands. When external transverse magnetic field of ܤୣ ൌ ܤሺݔሻ߱ݐ  is applied, the interlinkage 
magnetic flux of the twisted loop enclosed by the two strands is given by 
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where ds is the separate distance between the centre lines of the strands, L is the total length of a parallel 
conductor, ω=2πf denoting frequency as f.  From Faraday’s law, the steady solution of I is obtained as 
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where τ is a decay time constant of the induced shield current and expressed as 
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where R is the contact resistances at the terminals. The additional ac loss due to the formation of a parallel 
conductor, which is defined per unit volume of the superconducting strands and per cycle and henceforth 
referred to as the ac loss density per cycle, is calculated as                                               
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where T is the period and the denominator is the volume of the constituent strands. Substituting equation 
(3) into equation (5), we can obtain the additional ac loss as 
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2.2. Saturation case 
As shown Fig.3, when the shielding current reaches the critical current of a strand, the strands shift to 
resistive state and magnetic field begins to penetrate into the inner region not due to the decay of the 
shielding current but due to the flux flow in the strands. The shielding current is expressed as follows to 
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In this case, the additional ac loss is given by 
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Substituting equation (7) into equation (8), we can obtain the additional ac loss as 
ܹ ൌ ʹܫୡ݀ୱݑݓ ቆ
ߔ஻ሺ௫ሻ
ܮ െ ߤ଴
݇Ԣ
ݓ ܫୡቇሺͻሻ 
where Ic is critical current.                                                                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Be 
Be 
Fig.1 A transposed two-strand parallel conductor Fig.2 A parallel conductor wound into a one-layer coil 
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3. Discussion 
Let us discuss the influence of non-uniform magnetic field distribution using the obtained theoretical 
results. As shown Fig.4, the external magnetic field applied to a parallel conductor is Be=B(x)sinωt. B(x) 
is expressed as follows to 
when n is even, 
ܤሺݔሻ ൌ
ە
ۖ
۔
ۖ
ۓെ ܤ୫
ቀܮʹ െ ο݈ଶቁ
௡ ൬ݔ െ
ܮ
ʹ ൅ ο݈ଶ൰
௡
൅ ܤ୫൬Ͳ ൑ ݔ ൑
ܮ
ʹ െ ο݈ଶ൰
െ ܤ୫
ቀܮʹ ൅ ο݈ଶቁ
௡ ൬ݔ െ
ܮ
ʹ ൅ ο݈ଶ൰
௡
൅ ܤ୫൬
ܮ
ʹ െ ο݈ଶ ൑ ݔ ൑ ܮ൰
ሺͳͲሻ 
 
when n is odd, 
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Conductor length, L 2.6m 
Wire width, w 0.001097m 
Wire thickness, u 0.000196m 
Contact resistance at the end, R 3.5×10-7 Ω 
Permeability of vacuum, μo 5π×10-7 H/m 
Constant which depend on 
the configuration of the strands, k’ 
1 
Critical current, Ic 62A 
Distance between the strands, ds 2.5×10- m
Table 1 Supposed parameter in the present theoretical analysis 
uniform
n=1
n=2
n=3
Bm
x
O LL/2
Δl1: the deviation of the transposition point 
Δl2: the deviation of the point where the magnetic field 
amplitude is the largest  
Fig.4 Schematic illustration of non-uniform 
magnetic field 
x 
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Δl1 0 L 
Fig.3 The shielding current in saturation case 
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L: the length of a parallel conductor 
R: the contact resistances at the terminals 
I: the induced shielding current 
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Here, we supposed the following situation. External magnetic field varied as shown in Fig.4 along the 
length of a two-strand parallel conductor. In addition, the transposition point deviates from the center by 
Δl1. However the point where the magnetic field amplitude, Bm,, is the largest did not deviate from the 
center of the parallel conductor, that is Δl 2=0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 The dependences of the additional ac losses on the maximum magnetic field amplitude, Bm, with left the magnetic field 
distribution and right the frequency as parameters. 
Fig.5 shows the dependences of the additional ac loss on the maximum magnetic field amplitude, Bm, 
with the magnetic field distribution and frequency as parameters. The specific point at which the 
additional ac loss increases suddenly is the transition point between non-saturation and saturation case. In 
non-saturation case, the additional ac loss has frequency dependence. On the other hand, in saturation 
case, the additional ac loss has little frequency dependence. Anyway we can see that the additional ac loss 
in the case of non-uniform magnetic field distribution is smaller than that in the case of uniform one. In 
every case the additional ac loss becomes larger with increasing Bm, and with decreasing f. 
 
Next, we considered the case of Δl 2 ≠ 0. It means that the point where the applied magnetic field was the 
maximum deviated from the center of the parallel conductor. 
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Fig. 6 The dependence of the additional ac loss on Δl 1/L      Fig.7 The dependence of the additional ac loss on the deviation 
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Fig.6 shows the dependences of the additional ac loss on Δl 1/L. Here, Δl2/L=0.375, Bm=1T, f=2Hz were 
assumed. When the point where the magnetic field amplitude, Bm, is the maximum deviates from the 
center, the optimum transposition point also deviates from the center. We can see that the optimum 
transposition points also vary with value of n in Fig.6. The specific point at which the additional ac loss 
decreases suddenly corresponded to the optimum transposition point. Fig.7 shows the dependences of the 
additional ac loss on the deviation from the optimum transposition point. The additional ac loss becomes 
larger with increasing deviation from the optimum transposition point in the same manner as the case of 
Δl 2≠0. The specific point at which the additional ac loss increases suddenly corresponds to the transition 
point between non-saturation and saturation case. 
 
 
4. Conclusion 
We theoretically investigated the additional ac loss properties of two-strand transposed parallel 
conductors exposed to non-uniform magnetic field. When the transposition points deviated from the 
optimum ones, shielding current was induced and caused the additional ac loss. However, the additional 
ac loss in the case of non-uniform magnetic field distribution was smaller than that in the case of the 
uniform one. In addition, even if the point where the magnetic field amplitude, Bm, was the maximum 
deviated from the center, it was possible to reduce the additional ac loss by reducing the deviation from 
the optimum point. The obtained results suggest that the parallel conductors are applicable to the actual 
windings where applied magnetic field spatially varied much only if the constituent strands are transposed 
around the optimum points. It is important to identify the optimum transposition even if applied magnetic 
field is not uniform spatially. 
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